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Introduction

� Hierarchy problem in Standard Model (SM)

� ��� � ��� GeV ��� � ���� GeV

� Tiny neutrino masses

� ���
����� � �� ���� ��� � �	
� ������ � ���

� ���
��	 � ��� ���
 ��� � �	
� ���� � �

� Large Extra Dimensions (ADD) + ��

� “Solves” hierarchy problem

� Small neutrino masses natural

� What are the constraints?

� Are there any collider signatures?
Constraints and collider signatures of bulk right-handed neutrinos – p.2



Introduction

� If there are collider signatures

� can we distinguish neutrino mass hierarchy?
(Long baseline experiments might also be able to do this)

� can we find absolute value of neutrino mass?
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Large Extra Dimensions (LED)

� Usual picture

� 3 space + 1 time Gravity scale ��� � ���� GeV

� Arkani-Hamed, Dimopoulos, Dvali (ADD)

� � (compact) space extra dims Radius �

� Only fundamental scale �� � ��� GeV

� ��
�� �����

�

�� �� � ��

� Gravity in bulk, SM on brane

� � �
�
��� ���

����	
 � Æ��������	
�

y

Gravity

xµ

Our 4D
Brane

Extra
Dim
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LED + Bulk ��

[Dienes, Dudas, Gherghetta]
[Davoudiasl, Langacker, Perelstein]

� Introduce Bulk �
 propagating in Æ dimensions

� �����	 �� �
�

���
�	 ��


�
��
�	 ��

�

(Æ � �) �� Generation

� ���	
 � ��� �	����

����� � ��� �
�
�����

�Æ
�

�

�

 �

�
 � ����

�

� � � Usual SM left-handed neutrino

� 

 � Bulk right-handed neutrino 	 �


� 
 � No direct coupling to SM
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Kaluza-Klein (KK) 4D theory

� KK expansion
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Aside: Magnitude of �

Æ 
	

�� � ��
�

1 1 ����

2 1 0.1

3 ��
 1

(Keeping in mind constraints that we will show later)

� Usually Æ � � considered in the literature

� We will consider Æ � �	 
	 �
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Neutrino mass matrix

� ����
�	�� � ��� �� �� �	��� � �	 	�� ��� 	��
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Experimental constraints

� LED constraints

� Table-top gravity experiments

� Supernova

� Collider

� Bulk �
 constraints

� Supernova: Æ � � (literature)

� 	 oscillation

� ��� �� unitarity
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Neutrino Oscillation

� ������ �
���������������
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Oscillation Data

� � 	 best fit (��� �� ���� �� C.L. contours) [Gonzalez-Garcia, Pena-Garay]

� Limits on 	������ � 	������� (90% C.L.) [Davoudiasl,Langacker,Perelstein]

� CHOOZ: ������ � ����

� Atmospheric 	:

��
� ����� � ������ � ���� �


�

�
����� � ������

�
� ���� �
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Neutrino mass schemes

� ���
����� � �� ���� ��� � �	
� ������ � ���

� ���
��	 � ��� ���
 ��� � �	
� ���� � �

� Which pattern of masses is realized?
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� We will not address LSND data
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Oscillation constraints

� Lower bound on �
�

(eV)

Normal Inverted Degenerate (� � � eV)

CHOOZ Atm CHOOZ Atm CHOOZ Atm

Æ � � 0.03 0.15 0.5 0.13 10.6 4.1

Æ � � 0.32 1.5 5.3 1.3 100 41.7

Æ � � ���� ��
 ��� ��
 ���� ��� ���� ��
 ��� � ���

� Cut-off dependence (from

�
��

���
��� )

� No dependence for Æ � �

� Logarithmic dependence for Æ � �

� Linear dependence for Æ � �
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(Perturbative) Unitarity constraints

� Higgs Higgs � Higgs Higgs scattering

� ����� ��� � �����
��
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(Perturbative) Unitarity constraints

� Constraints weak for Æ � �	 


� Constraints strong for Æ � �
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Collider signatures

� �
 couples only to � and � (Yukawa)

� ����  �
�
����
�
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�	��		�
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�

	

	�
�

�
� ����

�
��� � ��
�

� New Higgs production mechanism (Signal)

���� �� � � �� � �
���
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� Signal can be enhanced due to large number of final state 	
�
�

	

� New Higgs decay mode

� Invisible mode: ��� 	�	
�
�

	

�

� (SM: ��  � ) Constraints and collider signatures of bulk right-handed neutrinos – p.16



Signal cross section

� Monte Carlo for Tevatron and LHC
(cross section small for Æ � �)
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Higgs decay branching ratio
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h production and �� ���

� Signature:  � !� "/� �! � �� #�

� Signal SM Background
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h production and ��� ���
���

� �

� Signature: !� "/� �! � �� #� � �� "/� (from (� decay)

� Signal SM Background
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h production and ��� ���
���

� �
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LHC Discovery potential

� Significance +� � �	
�
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Probing neutrino masses

� Normal, Inverted or Degenerate?

� What is the absolute mass scale?

� Asymmetry

��� � � ���"/� ��� ���"/� �
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� For � small, can probe masses
Constraints and collider signatures of bulk right-handed neutrinos – p.23



Conclusions

� Bulk �
 explains the smallness of � mass

� Oscillation constraints can be strong, esp. for Æ � �

� Unitarity constraints also quite strong

� LHC can probe bulk �
 physics in �� �/� channel

� )�)� �* � � !� � 	
�
�

	 ��� 	�	
�
�

	 �

� Backgrounds can be suppressed by cuts discussed

� �� � if Æ � �, ��� � ��� eV

� �	 can probe � mass scheme and ��
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